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1073 Angstroms or ~103 LightYears = 1000 m
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Onshore wind (2017)
now the cheapest form of electricity (without subsidies)

The development in cost of wind energy, US market, average
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Wind Farms: systems of gigantic turbomachines,
interacting with geophysical phenomena
at “large scales”: §D< ...... <H,,

The windturbine-array boundary layer (WTABL)
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From: R.J.A.M. Stevens & C.M., “Flow structure and turbulence
in wind farms”, (2017), Annu. Rev. Fluid Mech. 49, 311-339.
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Related problem: Wind farm power degradation

(Wind farm operators: “10-15% wind farm underperformance problem”)

Normalised Power

Power deficit in Horns Rev wind farm,
8 m/s, 2 degree sector
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how fast?

is it really around 50%7?

mechanisms ?
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“Modelling and measurements of wakes in large wind farms
Barthelemie, Rathmann, Frandsen, Hansen et al...
J. Physics Conf. Series 75 (2007), 012049



The “fully developed” pressure-grad-driven WTABL:
What is the generic structure of this specific type of boundary layer?

Pressure-gradient driven (half-channel flow)
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horizontal (canopy) average

What is the “averaged” velocity distribution?  U(z) = (#(x,y,2))
Is there a “universal” WTABL profile?

What are profiles of shear stresses? T .(2)= —<u'w‘>
Xy



LES of WTABL; typical simulation setup:
e LES code: horizontal pseudo-spectral (periodic B.C.), vertical: centered 2nd order FD
(Moeng 1984, Albertson & Parlange 1999, Porté-Agel et al. 2000, Bou-Zeid et al. 2005)

H =1000-1500m, L ,=nH-27xH, L, =7nH
(N, xN, xN_)=128x128x128 — 1024x512x512

e Horizontal periodic boundary conditions
(for FD-WTABL, or precursor for developing)

» Top surface: zero stress, zero w
e Bottom surface B.C.: Zerow +

Wall stress: Standard wall function
relating wall stress to first grid-point velocity

~ 1.5 km

e Scale-dependent dynamic Lagrangian model ~3 km
eddy-viscosity closure (no adjustable parameters)

: 1 1 —\?6A, 1 _ _,0A,
e Actuator disk model for rotor fre = ——CT( U) LU=
2 "\l1-a % 2 %



Developong case: ABL inflow
(with R. Stevens)
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Suite of LES cases

Instantaneous stream-wise velocity contours:

side-view

y/H

H =1000-1500m, L, =nH -2nH, L, =nH
(N, x N, xN_)=128 x128 x 128
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Mean velocity vertical profiles
in the fully developed WTABL
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momentum theory

Horizontally averaged variables

Sten Frandsen, __ldp., d_ <—.
(J. Wind Eng & Ind

p dx dz
Appl 39, 1992):
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If top of WT canopy still
— {t:

= d
7 ﬂ falls in the “surface layer’, where d—pzzo
X
.

Integrate in z-direction:

Height

Wind Speed
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Analogy to energy cascade:
momentum flux toward the wall 2 omu? o+ lC -
(Sreenivasan , Jimenez AFM 2012) Chi o T
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momentum theory
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Frandsen 1992 (also Newman 1977): postulated the existence of 2 log laws

A
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1. [ z)
(1), = u*higlogk—)

0. hi

below turbines
(z>50 m)

above turbines
(z>150 m)

Z,  log(z)



momentum theory

S. Frandsen 1992, Frandsen et al. 2006:

Knowns: u*hi’ ZO,ground’ CT’ Sx’ Sy

3 unknowns: Zj ;> Uu,, u.,

(i), 0

(

Solve for effective Lo = %, €XP L -K

roughness:

A

> >
Uy = Uiy, +=C

U, =ty ;logk_

1

Wi pi ;logk:’hl) = U, ;logk

- aC,

85,5,

1 T

T
4s.s,
1. [z )

20 hi J

( K )

¥ k In(z, / Z(),groul’ld))

U,




From LES: Mean velocity vertical profiles in the FD-WTABL.:
confirmation of two log laws (Frandsen, 1992, 2006)
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“Wake upgrade” to Frandsen'’s top-down model
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“Wake upgrade” to Frandsen'’s top-down model
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Boundary layer concepts also enable us to understand fate of

mean kinetic energy in the WTABL: 1(17t>2
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Boundary layer concepts also enable us to understand fate of
mean kinetic energy in the WTABL: | <L_t>z
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Boundary layer concepts also enable us to understand fate of
mean kinetic energy in the WTABL: | <L_t>z
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Instead of being dissipated entirely in BL,
mean KE extracted by turbines. Entrainment increased.



Coupled with “engineering wake” model (CWBL)
for entrance effects and detailed placement

Stevens, Gayme & CM, Wind Energy 19, 2023-2040 (2016)




Model comparisons with LES and field data (Horns Rev)
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Figure 8

Normalized total power output P/ P,,; of Horns Rev wind farm as a function of the incoming wind direction, where Py, is the power
of a non-wake-affected turbine times the number of turbines. The field measurement data are digitally extracted from the figure on
page 25 of Peifia et al. (2013). The large-eddy simulation (LES) results are from Porté-Agel et al. (2013); the coupled wake boundary
layer (CWBL), Jensen, and top-down results are from Stevens et al. (2016b). Figure adapted with permission from Stevens et al.
(2016b, figure 8).

Stevens & M, Annu Rev Fluid Mech (2017)



Model comparisons with LES

CWBL model: distinguishes well between
aligned & staggered CaSES Colorindicates spanwise

spacing
U, =) oo [5s
Uh—O Y

sy=3.49
Wake model

sy=5.23
sy=7.85

Coupled wake boundary
layer model
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Fluctuations:

cost function:

* additional grid services, e.g. secondary frequency
regulation and control ..
(e.g. receding horizon control based on a dynamic
wake model, C. Shapiro, CM & D. Gayme (Wind
Energy 2017)

* increased O&M costs due to unsteady loading

We need analytical models of spectral properties as
function of wind farm design parameters (spacing, etc..)

P (t)= EP(t;Sx 'S,52, Jdayout ,C..)



Interpret power as discrete sampling of TBL: ]

P()=P+P'(t)=U*+3Uu'(t)+hot. Pl =S P ~ Cy 3 (u),
(linearlization, but see Bandi (PRL 2017)
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Transfer function of turbine array (spacing, layout)
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Analytical model for
wave#-freq spectrum of BL turbulence E;;(k, k,w,;z,):

1
4 ~1/4 r() X 2
Ell(kx’ky’w;z)=< [1—9a]A (i) +kj +Ha—3CK€2/3|:1—§k—);]k_8/3 >[2ﬂ02(z)]_1/2exp _(a)—ljU) ]
H sﬁr(z) 11k 20°(2)
U(z>=&1og(£) <v;>=u3[3_ Alog(g)] Wilczek et al. JFM 2015
K Z,

oz(z)=<(v.k)2>=<vj>k2+<v§>ky2 0’ (2)=(v;)|[kI +Ck}]. A=096, B=241, C=033, k=04
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Wind tunnel tests in a "micro-windfarm” in the
Corrsin wind tunnel: (Juliaan Bossuyt’s thesis, KU Leuven)

Exp Fluids (2017) 58:1 Page30f17 1

Boundary layer development (5m) Wind farm set-up (5m)
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Flyby over micro-windfarm in Corrsin
wind tunnel at JHU (staggered)




Power-spectral density of “"power” fluctuations:
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Comparisons of measured and model spectra

Aligned array (lines: data, dashed line: model)
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Comparisons of measured and model spectra

Staggered array (lines: data, dashed line: model)
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Closing thoughts:

* As we modify our energy infrastructure, wind
energy will continue to increase & turbulence
research plays a critical role for wind energy.

* Important for both for maximizing the resource
utilization as well as minimizing impacts

* In these applications we found “very classical’
approaches (momentum theory, eddy viscosity, log
law, wake growth) useful if properly adapted to the
new conditions.

 We must continue to teach and actively absorb
these fundamentals (even if they are not able to
predict details and decimal places)



